ABSTRACT: This paper studies the characteristics of aluminium oxide layers present on the surface of commercial aluminium specimens after thermomechanical processing and after subsequent etching in an alkaline solution, highlighting the main differences observed. An attempt is made to establish possible relationships between alloying elements and the characteristics of these layers.
INTRODUCTION
Aluminium is a soft, ductile metal, but when alloyed with other elements its physical and mechanical properties can be substantially modified to produce valuable engineering materials. the analysis chamber. The residual pressure in this ion-pumped analysis chamber was maintained below 10 -8 Torr during data acquisition. The spectra were collected for 20-90 min., depending on the peak intensities, at a pass energy of 20 eV, which is typical of high-resolution conditions. The intensities were estimated by calculating the area under each peak after smoothing and subtraction of the S-shaped background and fitting the experimental curve to a mix of Lorentzian and Gaussian lines of variable proportions. Although specimen charging was observed, it was possible to determine accurate binding energies (BE) by referencing to the adventitious C1s peak at 285.0 eV. Atomic ratios were computed from peak intensity ratios and reported atomic sensitivity factors [14] .
For the acquisition of concentration profiles (distribution of elements as a function of specimen thickness) the surface was sputtered by argon ion bombardment (AIB). Bombardment was performed using an EXO5 ion gun incorporated in the equipment, provided with a scanning unit to track the beam operating at a voltage of 5 kV, an intensity of 10 mA and a pressure of 1x10 -7 Torr. The sample current was 1 µA during bombardment. Table 2 (Table 2) . It is interesting to point up the absence of Cu on the surface of the Al-Cu alloy after thermomechanical processing, and also the absence of significant amounts of Si, Fe, Mn and the rest of the elements present in the bulk of the tested alloys.
EXPERIMENTAL RESULTS

Analysis of outer surface of aluminium alloys after thermomechanical processing
Figures 1a-1d show Al2p high resolution XPS spectra obtained on the original aluminium alloy surfaces after thermomechanical processing. The spectrum observed on the pure Al specimen shows the most intense component at a binding energy of 74.6 eV, associated to the presence of aluminium in the form of aluminium oxide, and a less intense component at a binding energy of 71.7 eV, which may be attributed to the presence of aluminium in metallic state (Fig. 1a) . It is interesting to note that while the most intense component of the Al2p spectra for the pure Al and Al-Cu specimens appears at a binding energy of 74.6 eV ( Fig. 1a and 1b) , on the Al-MgSi specimen the most intense component is observed at a lower binding energy (71.7 eV), associated with the presence of aluminium in metallic state (Fig. 1c) . The Al2p spectrum obtained on the surface of the Al-Mg specimen ( 
Concentration profiles of aluminium specimens after thermomechanical processing
The evolution with argon ion bombardment time of the Al2p high resolution XPS spectra obtained on the surface of the various aluminium alloys is presented in figure 1a-1n. On the AlCu and Al-Mg specimens (Fig. 1b, 1f , 1i, 1l and 1d, 1h, 1k and 1n, respectively) a high aluminium content in the form of Al 2 O 3 is detected even at bombardment times of 30 minutes resolution XPS spectra obtained on the surface of the Al-Cu alloy after thermomechanical treatment, even after argon ion bombardment (Fig. 3a-3d ).
A precise measurement of the thickness of the Al 2 O 3 layer resulting from thermomechanical processing has not been posible due to the presence of MgO islands on the outer surface of the Al-Cu, Al-Mg-Si and Al-Mg alloys, which results in the absence of significant changes in the I oxide /I metal ratio (proportional to the oxide layer thickness), even at AIB times of as long as 30 minutes ( Fig. 1 ).
3.3. Analysis of the outer surface of aluminium alloys after the etching process Al-Mg-Si specimen after the etching process. These spectra are also representative of the Mg2p spectra observed on the Al-Cu and Al-Mg specimens. In contrast to the specimens after thermomechanical processing (Fig. 2a-2d ), attention is drawn to the absence of magnesium on the surface of the etched specimens. Figure 6 compares the Na1s high resolution XPS spectrum obtained on the outer surface of the Al-Mg specimen after thermomechanical treatment ( Fig. 6a ) with that obtained after the etching process (Fig. 6e) . In contrast to the specimens after thermomechanical processing (Fig. 6a) , attention is drawn to the presence of sodium. The detection of significant changes in the Cu and Na contents on the Al-Cu and Al-Mg alloys, respectively, with argon ion bombardment time suggests a stratum-type distribution of these elements. The Cu-rich stratum would be situated immediately below the metallic surface, while the Na-rich stratum would be situated in the oxide layer that covers the metallic surface.
The thickness of the aluminium oxide layer on the surface of the aluminium specimens was calculated using the expression given by Strohmeier [10] : This result is in consonance with the presence of appreciable amounts of Mg in the bulk of these alloys, but not with the proportion of this element (Table 1) , and seems to indicate a saturation of the outer aluminium surface with magnesium. According to the Mg/(Mg+Al) ratio in A similar tendency seems to be reflected in the results obtained in the present work shown in This reaction must be favoured by the high Mg content (Table 2 ) on the outer surface of the aluminium. Arouse attention the marked difference in the shape of the Al2p high resolution spectra for the Al-Mg-Si (Fig. 1c) and Al-Mg (Fig. 1d) (Figs. 1c, 1g, 1j and 1m ). This is explained by accepting that the oxide film thickness on the Al-Cu and Al-Mg alloys after thermomechanical processing is greater than that observed on the pure Al and Al-Mg-Si alloys (Fig. 7) . [2] . The absence of MgO after the etching process suggests that this oxide was located mainly in the outermost layers of the aluminium alloys and it does not form at room temperature in the ambient atmosphere.
In the XPS analyses of the aluminium alloy surfaces after etching it is interesting to highlight the appearance of a significant Cu content in metallic state on the surface of the Al-Cu alloy after All the studied alloys contain small but significant sodium contents in their bulk (Table 1) , so it is curious that the superficial presence of Na is revealed in only one of them (Al-Mg) (Fig. 4) . It is also surprising that this phenomenon has appeared after the etching treatment and not on the thermomechanically processed surfaces. Werret et al. [1] found that traces of elemental sodium segregate to the surface during the oxidation of aluminium-silicon alloys. However, no such segregation has shown after thermomechanical processing in the alloys studied in this work, On the other hand, the high oxygen affinity of sodium explains why it is found in ionic state on the surface of the Al-Mg alloy. The fact that a comparable ionisation of copper on the surface of the Al-Cu alloy has not been detected may be due to the more noble character of copper, which does not favour its ionisation.
The notably lower intensity of the metallic aluminium signal on the surface of the Al-Cu (Fig. 5b, 5f, 5j and 5n) and Al-Mg specimens (Fig. 5d, 5h , 5l and 5p), compared with the Al-Mg-Si (Fig.   5c , 5g, 5k and 5o) and pure Al specimens (Fig. 5a , 5e, 5i and 5n), is interpreted as being due to the greater thickness of the oxide films on the surface of the first two alloys. Results of film thickness calculations are compared in figure 7 . The differences in film thickness among the various alloys are probably related with the degree of perfection of the oxide films and differences in diffusion rate [34, 35] . Thus, the greater thickness of the oxide layers on Al-Cu and Al-Mg would be caused by less compact films compared with those formed on the Al-Mg-Si and pure Al specimens. This behaviour seems reasonable considering, on the one hand, the tendency for the formation of defective films at the points on the Al-Cu alloy surface where precipitates of the Cu-rich phase emerge [7] and, on the other hand, the abundance of voids and 6e-6h), the surfaces of the Al-Cu and Al-Mg alloys after 6 months of exposure show the presence of copper and sodium, respectively.
CONCLUSIONS
It has been verified that considerable changes take place in the chemical composition of aluminium oxide films on the four tested alloys (Al-Cu, Al-Mg, Al-Mg-Si and pure Al) as a function of the alloying and depending on whether the film has formed during the thermomechanical treatment of the material or is the result of the subsequent etching process.
In particular, the following aspects are underlined:
1) On all the studied specimens it has been seen that after thermomechanical processing Mg is the alloying element with the greatest tendency to segregate towards the surface. With a Mg content of 0.8% wt. it has been found that close to 25% of the outer surface of the aluminium alloys is covered with Mg atoms. During the solubilisation process or the annealing of these alloys, metallic Mg diffuses towards the outer surface where it precipitates in the form of MgO, probably because of the reduction of aluminium oxide by Mg.
2) On the etched alloys it is interesting to note the appearance of a significant Cu content in metallic state close to the surface of the Al-Cu alloy, and Na in ionic state on the outer surface of the Al-Mg alloy, as well as the absence of Mg on the surface of the latter alloy.
This result contrasts with the absence of these two elements on the surface of the same alloys and the presence of Mg after the thermomechanical processing.
3) Of the four tested materials, only Al-Mg shows Na-enrichment of its surface, despite the fact that this element is contained as an impurity in the bulk of all the alloys. It is suggested that this phenomenon may be linked to the presence of free sodium in the matrix, and not to the sodium retained in the form of second-phase particles.
4) After the etching process, a notably greater aluminium oxide overlayer thickness is determined on the surface of the Al-Cu and Al-Mg than on the Al-Mg-Si and pure Al specimens.
5) The utility of XPS analysis of aluminium surfaces for studying the characteristics of aluminium oxide films resulting from the thermomechanical processing and surface treatment of aluminium alloys has been verified. 
